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1. INTRODUCTION
Multi functional sports halls are used to host different
kind of sports events, exhibitions, and other types of
shows. This diversity requires a flexibility from the
hall's equipment, to meet the different requirements
caused mainly by changes in occupants needs and
number. For example large event may have hundreds
of spectators, while during sport team’s training there
will only be few people in the hall. Moreover unusual
arrangements such as indoor ice rink will have special
requirements like low air speed above the ice or at
least partial humidity control.
With such diverse needs like sports hall facilities, it is
especially important to design proper air distribution
system. This is a difficult task, because air movement
in large spaces is hard to predict due to many different
factors affecting it. For instance, because of the large
areas of the walls and ceiling and huge volume of the
room resulting in high demand for the supplied air, it
is difficult to design the HVAC system to provide ther-
mal comfort for the occupants during the hot summer
[1]. Nowadays those systems are designed according to
experimental models of the air jets supplied by dif-
fusers manufactures, but taking into consideration the
complexity of occurring phenomena this method may
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A b s t r a c t
The purpose of the paper was testing of the air distribution system performance in the multifunctional hall. The numerical
simulations of the airflows were made with the Ansys software. Three cases with two working modes of the installation were
simulated: a large sport event with audience on the stalls, an exhibition with presentation boxes and an indoor ice rink.
Direct results of the simulations and statistical data were analyzed. The results showed that for the ice rink and exhibition
the system performance was very good, but during the large sport event with the full audience the air temperature in the
occupied zone was much higher than the desired value.
S t r e s z c z e n i e
Celem artykułu było sprawdzenie działania systemu rozdziału powietrza w wielofunkcyjnej hali sportowo-wystawowej.
W tym celu przeprowadzono numeryczne symulacje przepływu powietrza z użyciem programu Ansys CFX. Zbadano trzy
modele hali z instalacją wentylacji pracującą w dwóch trybach. Modele to: duże wydarzenie sportowe z widzami na try-
bunach, wystawę i kryte lodowisko. Przeanalizowano bezpośrednie wyniki symulacji temperatury, prędkości i wilgotności
względnej powietrza oraz przeprowadzono analizę statystyczną tych wyników, a także związanych z nimi indeksów charak-
teryzujących warunki komfortu cieplnego. Symulacje wykazały, że instalacja bardzo dobrze sprawdza się w czasie wystawy
oraz gdy hala wykorzystywana jest jako lodowisko, jednak przy pełnych trybunach w czasie wydarzenia sportowego tempe-
ratura powietrza w strefie przebywania ludzi jest zbyt wysoka w stosunku do założonej wartości.
K e y w o r d s : Ventilation; CFD; Sports hall; Ice Rink; Exhibition hall; Thermal comfort.
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not be sufficient. Supplying air to the occupied zone
can be difficult due to the strong thermal stratifica-
tion and large distances from diffusers to the target
area [2, 3]. For example, hot convectional plume
above the audience can deflect the air jet flowing
from above [4], so it would not reach the occupied
zone. The presence of such phenomena can be pre-
dicted in the system design phase using tools such as
CFD simulations. Numerical simulations of airflow
are frequently used in research works, but they are
not very popular among the ventilation designers,
mainly because of high prices of the software, need of
experience to use it effectively and high requirements
for computing power.
Because of its complexity, ventilation systems in
sports halls and indoor ice rinks were subject of the
various research made in the past [1, 2, 3, 4]. But
those research concentrated only on a single purpose
building, and so far there is no research presented in
the literature about a hall that shares both functions.
Simulations of the multi-function hall were made in
[5], but the sole purpose of those research was com-
parison between simulation and measurement results
in a real hall, without taking into account perfor-
mance of the ventilation system or the comfort of
occupants.
The goal of the paper is to determine if analyzed
HVAC installation can provide comfortable condi-
tions for people in different configurations of the
hall. Obtained information can verify if the CFD sim-
ulations could be used to improve the design process
of the ventilation system. Because of the high cost of
the software, it would probably require special agree-
ment from both investor and the designer, and they
both would need to know that simulation data are
useful to justify additional expenses.
The ventilation system in existing hall was analyzed
using numerical airflow simulations. CFD simula-
tions were made in Ansys CFX code. The aim of the
ventilation system is to provide comfortable environ-
ment for occupants, so the most important results
taken into account were air parameters and comfort
factors in the occupied zone. Analysed comfort fac-
tors were PMV, DR and operative temperature, as
described in [6]. Three different arrangements of the
hall interior with two different working mode of ven-
tilation system were simulated.
2. OVERVIEW OF THE EXAMINED HALL
The multifunctional hall (Fig. 1) is placed in the city
of Bielsko-Biała. This particular object was chosen
because the ventilation designer agreed to use his
designs for the research work. The dimensions of the
hall in the widest place are 91x70x26 m (length x
width x height), and its total volume is about
113000 m3. The seats for audience are placed along
all the walls of the hall, on the stair-shaped stands.
The lowers stands can be retracted to make the cen-
tral space larger. Roof of the hall is curved, and in the
lowest place is 7.6 m above the floor. Along the short-
er walls of the hall are other facility rooms (like
offices and meeting room), while the longer walls are
the outer walls of the building.
The designed ventilation system consists of four main
air handling units, each for one quarter of the hall
supplying air through the long-range nozzles placed
under the ceiling (marked with arrows in Fig. 1).
Four air exhausts, one for each of the air handling
units, are placed in the corners of the hall at the
height of 7.5 m above the floor (marked red in Fig.1).
There are also two additional units with adsorptive
desiccators, intended to be used when hall works as
an indoor ice rink. Air for those units is taken from
the room through the exhausts shared with the main
system, and then returned through the row of nozzles
placed along the shorter wall (blue in Fig. 1).
The installation can work in two basic modes:
– normal mode – the airflow rates are as follow:
520 m3/h through each of the nozzles in the lower
row, 680 m3/h through nozzles supplying air to the
audience in the upper row, and 1400 m3/h through
Figure 1.
Tested hall – internal view with marked elements of the air
distribution system: green – air supply for the audience , pur-
ple – air supply for the playing field, blue – nozzles of the des-
iccator, red – air exhaust. Base image source – [7]
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each of the nozzles supplying air to the playing
field. The total airflow rate is 1000000 m3/h for the
whole hall. Designed air temperature values in the
occupied zone are 24°C in summer and 20°C dur-
ing the winter.
This is a mixing ventilation systems, so the primary
factors shaping the airflow pattern are the supplied
air jets. Additionally, because of the large amount of
people in the room, it may be also influenced by ther-
mal plumes.
– ice rink mode – the nozzles in the upper row,
except for the ones supplying air to the stands
along the short wall, are cut off to lower the air
speed above the ice. Flow through the remaining
nozzles is 1000 m3/h each, which gives the total
amount of airflow equal to that in normal working
mode of the installation. When the hall works as
an ice rink designed temperature value in the
occupied zone is 16°C and additional criteria are
applied: the allowed range of relative humidity is
from 45% to 62%, and the maximum air velocity of
above the ice is 0.25 m/s [5]. Additionally, desicca-
tors are working and they are using recirculated
flow of 6500 m3/h each. They can both remove up
to 100 kg/h of moisture from the air. Also, as a side
effect of the adsorbion process, desiccators heat
the air by 20 K. These additional heat gains have to
be removed by the main installation.
Presence of the large area of ice has an influence on
the airflow and thermal phenomena present in the
room. In addition to removing heat and moisture
from the air, ice also cools the walls and ceiling by
radiative heat transfer.
3. DESCRIPTION OF THE NUMERICAL
MODEL AND THE BOUNDARY CONDI-
TIONS
The airflow patterns in space of the hall were modeled
using Ansys CFX 14.5 CFD software. The 3D geomet-
rical model (Fig. 2) was based on the construction
plans of the buildings and the ventilation installation
project. Since the volume of the hall is very large, only
one quarter of the room was modeled. The CFD sim-
ulations have very large requirements for computing
power, so only limited number of mesh cells can be
used. For calculations involving heat transfer, mixture
of air components and thermal radiation, it is about
6-7 million nodes [8, 18]. That is why, even if the hall is
not ideally symmetrical, the accuracy of the simulation
of the whole hall would have been much lower because
the same amount of mesh cells would have to be used
for four times as large space.
Three geometrical models representing the hall func-
tioning in different modes were created: large sport
event (Case 1), exhibition (Case 2) and the ice rink
(Case 3). The boundary conditions specific for each
of them were presented in Table 2. The main differ-
ence between the models is amount of people in the
hall, shape of the occupied zone and the amount of
air supplied by different diffusers.
Boundary conditions common for all three models
were presented in Table 1 and Fig. 2. For walls, ceil-
ing and windows boundary condition “wall” was set,
with defined heat transfer coefficient and outside
temperature. Lamps were modeled as cylinders
“hanged in the air” under the ceiling. The total heat
gain was calculated using formulas from [10] assum-
ing the illuminance of 500 lux on the playing field.
That value was divided into convective (70%) and
radiative (30%) fractions [10]. The convective part
was set evenly on all the surface of the lamps, while
the radiative part was defined only on the lower base
of the cylinder by option “radiation source” in Ansys
CFX. Air exhaust was modeled as rectangular grille,
with boundary condition “opening”.
The long-throw nozzles (Fig. 2, Table 2) were mod-
eled as circular surfaces, with boundary condition
“inlet” on which mass flow, temperature and mass
fraction of moisture were defined.
Table 1.
Boundary conditions common for all the models represent-
ing different cases of using the hall.
Boundary condition Value Source
Flow through exhaust 250000 m3/h Ventilation systemdesign calculations
Heat transfer coefficient
for windows 2.6 W/m
2K Ventilation systemdesign calculations
Heat transfer coefficient
for ceiling 0.3 W/m
2K Ventilation systemdesign calculations
Heat transfer coefficient
for wall 0.3 W/m
2K Ventilation systemdesign calculations
Total convective heat gain
from the lamps 42 kW
Assumed basing on
literature data [10]
Total radiative heat gain
from the lamps 18 kW
Assumed basing on
literature data [10]
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The occupied zone in each case was modeled as a
subdomain with defined volumetric heat and mois-
ture gains, representing emissions from the occu-
pants. Its location for each of the cases is presented
in Fig. 3. In cases 2 and 3 lower sets of stalls are
retracted, so the area of the central space of the hall
is larger. Ice in the Case 3 was modeled as a flat sur-
face with constant temperature and negative mois-
ture gains. The area of the ice was 808.6 m2. The
parameters of air supplied from the desiccator in this
case were calculated by the program during the sim-
ulation – its temperature was 20K higher than the
temperature of the air sucked out of the room
through exhaust, and its specific humidity was low-
ered by 0.0212 kg H2O/kg dry air.
Table 2.
Boundary conditions specific for models representing different cases of using the hall.
Boundary condition (Fig. 1, 2) Unit
Value
Source
Case 1 Case 2 Case 3
Flow through each nozzle in the lower row m3/h 520 520 1000 Ventilation systemdesign calculations
Flow through each nozzle for the audience in the upper row m3/h 680 680 1000 Ventilation systemdesign calculations
Flow through each nozzle for the playing field in the upper row m3/h 1400 1400 0 Ventilation systemdesign calculations
Flow through all the nozzles from desiccator m3/h 0 0 6500 Ventilation systemdesign calculations
Temperature of the supplied air °C 15 14 12 Ventilation systemdesign calculations
Mass fraction of moisture in the supplied air
Kg H2O/kg
of dry air
0.058 0.008 0.0052 Ventilation systemdesign calculations
External temperature °C 30 30 -20 PN-82/B-02403 [9]
Number of people - 909 1742 250 Assumed
Total heat gains from occupants kW 69.1 132.4 39.7 Based on literaturedata [11]
Total moisture gains from occupants kg/s 0.0241 0.2308 0.0097 Based on literaturedata [11]
Temperature of ice °C - - -3 Ventilation systemdesign calculations
Humidity absorbed by the ice kg/h - - 7.410-5 Based on literature data [12]
Figure 2.
The numerical model of the hall. Marked elements are common for all three cases
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4. PROCEDURE OF THE NUMERICAL
CALCULATIONS
The simulations were made using the Finite Volume
method. The high resolution discretization scheme
and the Rhie Chow redistribution algorithm for cou-
pling pressure-velocity were used. Calculations were
carried out in transient conditions, as suggested in lit-
erature for rooms where strong thermal plumes may
occur [8]. The whole time of simulations was 3 min-
utes [15] with timestep of 1s and 10 iterations per
timestep. All the simulation results presented in this
paper are values averaged for the whole simulation
time. Initial conditions for the transient simulations
were taken from the steady-state simulations.
Simulation was made for the mixture of the two gases
– dry air modeled as ideal gas and a moisture (water
vapor).
For modeling turbulence the SST model was used. It
is more accurate than the k-ε model for the low
Reynolds number, which may occur in some areas of
the large hall with the low air speed [13, 14, 16].
Discrete Transfer Model was used for thermal radia-
tion. As previous simulations have shown [8,16,18],
this model is the most accurate and the most stable of
all available in the Ansys CFX code.
The discretisation meshes were made using Ansys
meshing tool. The mesher settings are identical for all
the cases, the only differences between them are
caused by differences in geometrical models (mainly
the shape of the occupied zone). Two kinds of mesh-
es were used: made of hexahedral and tetrahedral
elements (Fig. 4). The cuboid-shaped space was sep-
arated from the middle of the hall and divided into
orthogonal hexahedral mesh. Near the walls, where
shapes of the model are more complicated, tetrahe-
dral mesh was used. Moreover, near the walls three
layers of flat hexahedral elements were created to
improve model the near-wall boundary layer of high
gradients. The mesh was refined in regions important
for the flow phenomena, i.e. near the nozzles where
air jets is formed, near the lamps where strong ther-
mal plumes exist and in the occupied zone. The total
number of the mesh nodes was: 6150187 for the
model representing Case 1, 7366432 for the model
representing Case 2, and 6176818 for the model rep-
resenting Case 3.
Figure 3.
Geometrical models of the hall in three different cases, with
marked occupied zone (blue). a) a large sport event, b) an
exhibition, c) an ice rink
Figure 4.
Cross-section of the discretisation mesh for Case 1, with
shown volume of cubic elements and areas of refinement in
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Figure 6.
Air speed distribution along the vertical plane 25.8 m from the middle of the hall: a) large sport event, b) exhibition, c) ice rink
Figure 5.
Air temperature distribution along the vertical plane 25.8 m from the middle of the hall. Temperature ranges are from -2 to +4 degrees
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Achieved convergence was approximately 1.0E-5 for
all of the variables. The values of air velocity present-
ed by the program were calculated into values of air
speed, using equations presented in [19]. The air
speed value can be used in the equations of comfort
factors described in [6].
5. DIRECT RESULTS OF THE SIMULA-
TIONS
The maps of air temperature and speed along the
vertical plane moved 25.8 m from the symmetry plane
of the hall are shown in Fig. 5 and 6. This plane was
chosen to show the supplied air jets, because it slices
through nozzles in both rows. The isosurfaces of con-
stant speed showing the shapes of the air jets are pre-
sented in Fig. 7.
As it is shown in Fig. 5a, the values of air temperature
in the hall during the large sport event were very
high, especially in the occupied zone. To determine if
it was not an error of the simulation, thermal balance
of the model was checked. The air temperature at the
exhaust was 29.6°C, which was 0.4°C less than the
temperature calculated from the balance. Therefore
it was safe to assume that the air flow in the hall was
modeled accurately, and the temperature rise is the
result of physical phenomena occurring in the room.
The cause of this may be the fact that, as it is shown
in Fig. 7a, the supplied air jet did not reach the lower
part of the hall. It is probably deflected upwards by
the thermal plume created by people on the audience
(Fig. 6a, 7a). The proof of that may be the fact that in
Fig. 6b (case 2) jet with the same supply velocity
reached much further.
In case 2 the supply jets were the dominating factor
shaping air movement pattern in the hall. Despite the
fact that there were more people in the hall in case 2
than in case 1, they were distributed over much larg-
er area and the thermal plume created by them was
not strong enough to affect the supplied air jets to
such a degree. Figure 5b and 6b show that the exhibi-
tion boxes also had the influence on the air distribu-
tion. The air velocity was lower and the air tempera-
ture was slightly higher between them.
In the case 3 the supply jets, despite also being the
dominating element of airflow pattern, didn’t reach
the area close to the ice (Fig. 6c). The system is inten-
tionally designed that way to fulfill the requirement
of the low air speed above the ice, as described in sec-
tion 2. Figure 7c shows that the side air jets from the
dessicator, thanks to the buoyancy forces, traveled
towards the upper part of the hall, while the jets from
the nozzles in the middle of the hall were deflected
towards the lower part of the room by the supplied
air jets. This effect could be beneficial for the even
distribution of the dry air over the whole hall.
Figure 7.
Isosurfaces of constant air speed of 1 m/s, showing the shape
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6. DISCUSSIONS OF THE RESULTS
USING STATISTICAL ANALYSES OF
THE THERMAL COMFORT IN THE
OCCUPIED ZONE
For the statistical analysis grids of points in the occu-
pied zone for each of the cases were defined (Fig. 8).
These points were localized at the height of ankles
(0.1 m) and head (1.7 m) for standing position of
human body, and 1.1 m for seated position [20].
To determine if the conditions in the occupied zone
were satisfactory for the people in the room, statisti-
cal analysis of the air parameters in the occupied
zone were made. Those parameters were: air temper-
ature, air speed and comfort indices: Draft Rate
(DR) and Predicted Mean Vote (PMV) [6]. Because
in the provided ventilation system design air temper-
ature was used, it was taken into consideration in sta-
tistical analysis instead of more complex operative
temperature. This allowed to compare results of the
simulation with desired values of the parameter.
Because air and operative temperature had very sim-
ilar values, it wasn’t necessary to make statistical
analysis for both of them. The recommended ranges
of each parameter according to [6] are presented in
Table 3.
For the purpose of PMV calculation, thermal insula-
tion of clothes and level of metabolism for people in
each case was assumed based on [6].
– case 1 – total clothing thermal insulation of 0.2 clo
(summer clothes: underwear, t-shirt, shorts, shoes)
and the metabolic rate was 1 met (sitting, low
activity).
– case 2 – total clothing thermal insulation of 0.7 clo
(working clothes: underpants, boiler siut, socks,
shoes) and metabolic rate of 1.6 met (walking
activity).
– case 3 – total clothing thermal insulation of 1.5 clo
and metabolic rate of 2 met. Those are assumed
averaged values because on the ice rink clothing
and activity of each person may be very different.
The results of the analysis were presented in figures
from 9 to 13. Table 3 shows percentages of test points
where values of parameters were within permissible
range. The analysis was also made for the relative
humidity but because of the wide range of comfort
values (30-70% because of the occupant's sensations,
for the ice rink additionally 45-62% defined by the
HVAC system designer to limit condensation of
vapour on the ice) this criterion was met for all the
points in all the models.
As shown in Fig. 9, air temperature was within the
desired range for exhibition and ice rink. In case of
large sport event, the air temperature is much higher
than the desired value, varying from 32°C to 43°C.
This confirms, as it was presented in direct results of
simulations, that in this case the cool supplied air did
not reach the occupied zone.
The air speed (Fig. 10) exceeded the desired value in
most of the points in Cases 1 and 2 – large sport event
and exhibition. This confirms the argument from [2]
that when the air has to travel a long distance from
the diffuser to the occupants, there is a significant
Figure 8.
Points from which values of parameters were exported for
statistical analysis for a) case 1 – sport event and b) cases 2
and 3 – exhibition and ice rink. The points are at the cross-
ing of the grids lines
Table 3.
Percentage of test points in the occupied zone where values of
different parameters were within permissible range [6]
Model Desired range ofparameter
large sport
event exhibition ice rink
air temper-
ature ±1°C 0% 99% 100%
air speed <0.19m/s 14% 18% 92%
DR <20% 100% 94% 68%
PMV -0.5<PMV<0.5 0% 99% 100%
a
b
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Figure 9.
Histogram and cumulative distribution function for averaged air temperature for all the tested cases: a) case 1 – large sport event,
b) case 2 – exhibition, c) case 3 – ice rink. Green lines show the permissible range of ±1°C from the designed temperature value
(24°C for case 1 and 2, 14 for case 3)
Figure 10.
Histogram and cumulative distribution function for air speed for all the tested cases: a)case 1 – large sport event, b) case 2 – exhibi-
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Figure 12.
Histogram and cumulative distribution function for averaged PMV for all the tested cases: a)a) case 1 – large sport event, b) case 2






Histogram and cumulative distribution function for DR for all the tested cases: a) a) case 1 – large sport event, b) case 2 – exhibition,
c) case 3 – ice rink. Green line shows the maximum permissible DR value 20%
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risk that the air speed in the occupied zone may be
too high. In Case 3 – ice rink air speed was lower,
which might be the result of cutting off the upper row
of nozzles. It was mostly within the desired range
(Table 3), however, in this case air speed was not as
important because people themselves were moving
fast, and their thermal sensations depend on the com-
bined value of their velocity and air speed. The aver-
age speed on a horizontal plane 0.1 m above the ice
was 0.21 m/s, which was below the maximum allowed
speed of 0.25 m/s , as defined in section 2.
The DR values (Fig. 11) were in all cases mostly
within the desired range. In case of sport event with
the full audience air temperature was so high that
there was no risk of draft, even if the air speed was
in the most points much higher than desired
(Fig. 10a). During exhibition value of this index was
below 20% for almost all points, confirming accept-
able risk of draft. In Case 3 (ice rink) DR values
were higher than desired for 32% of the points
(Table 3). However, because risk of draft depends
heavily on air velocity, in case like this where people
are in constant motion this index does not show peo-
ple’s sensations correctly.
Because PMV takes into consideration many differ-
ent physical values, it is one of the most complex
comfort indices. As shown in Fig.12 during the large
sport event PMV value in the most points was +3,
which means that people may feel strong thermal dis-
comfort because of the warmth, caused by high air
temperatures. For Cases 2 and 3 PMV is within the
desired range for all or almost all of the points, which
means that despite the higher than desired air speed,
most people will experience the feeling of thermal
comfort.
The simulations show that, apart from the case
“Large sport event”, performance of the installation
is very good. As the PMV comfort indicator shows,
the occupants should feel thermal comfort in the
whole hall.
However, during the large events where the stands
are full of people, the ventilation system may not pro-
vide the comfortable conditions. The air temperature
in the occupied zone would be much too high, and
the cold air from the nozzles would not reach the
occupants.
The simulation results show that in order to achieve
thermal comfort even in the most extreme condi-
tions, the changes must be made in air distribution
system. Those changes may be for example adding
the third work mode to the installation programming
or using different type of diffusers. Also making
changes in the air handling units may be helpful, for
example decreasing the supplied air temperature or
increasing its flow. On the other hand, such extreme
conditions would occur very rarely – only if all the
places at the stands are taken, and the outside tem-
perature is close to the maximum values for the cli-
mate zone marked in standards [9]. There is a possi-
bility that designing the system for such a conditions
may be economically unreasonable, but that would
require further analyses.
7. CONCLUSIONS
The method of testing the performance of the
designed ventilation system using the CFD modeling
may be useful in the design process. The simulations
revealed for example influence of thermal plumes on
the supplied air jets, which could be difficult to pre-
dict by different methods.
Except for the Case 1 (large sport event), the simu-
lated installation is able to ensure thermal comfort
for the occupants. However, when the stalls are full,
the air temperature in the occupied zone is too high.
To provide thermal comfort for the occupants during
the event when stalls are full, changes in the design of
the ventilation system that would allow the cool air
jets from the diffusers to reach the occupied zone are
necessary.
In Case 3 (ice rink) the installation is able to fulfill
the requirements necessary for the functioning of the
rink – air speed and relative humidity above the ice
are both within the set ranges.
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